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Summary
Cryo-electron tomography (cryo-ET) is a groundbreaking
technology for 3D visualisation and analysis of biomolecules
in the context of cellular structures. It allows structural in-
vestigations of single proteins as well as their spatial arrange-
ments within the cell. Cryo-tomograms provide a snapshot of
the complex, heterogeneous and transient subcellular envi-
ronment. Due to the excellent structure preservation in amor-
phous ice, it is possible to study interactions and spatial re-
lationships of proteins in their native state without inter-
ference caused by chemical fixatives or contrasting agents.
With the introduction of focused ion beam (FIB) technology,
the preparation of cellular samples for electron tomography
has become much easier and faster. The latest generation of
integrated FIB and scanning electron microscopy (SEM) in-
struments (dual beam microscopes), specifically designed for
cryo-applications, provides advances in automation, imag-
ing and the preparation of high-pressure frozen bulk samples
using cryo-lift-out technology. In addition, correlative cryo-
fluorescence microscopy provides cellular targeting informa-
tion through integrated software and hardware interfaces.
The rapid advances, based on the combination of correlative
cryo-microscopy, cryo-FIB and cryo-ET, have already led to a
wealth of new insights into cellular processes and provided
new 3D image data of the cell. Here we introduce our recent
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developments within the cryo-tomography workflow, and we
discuss the challenges that lie ahead.
Introduction
Cells are the functional units of all organisms; understand-
ing how they work can help us to unravel the fundamental
processes underpinning life itself. Cryo-techniques for electron
microscopy (EM) allow to rapidly freeze and preserve cellu-
lar samples in a close-to-native, fully hydrated state (Wagner
et al., 2017; Plitzko & Baumeister, 2019). The freezing, or so-
called vitrification process, is so fast that liquid water forms
amorphous (non-crystalline) ice, thus avoiding the damage
caused by the formation of crystals typical for slower freez-
ing rates (Brüggeller & Mayer, 1980; Dubochet & McDowall,
1981; Dubochet et al., 1988). Before a vitrified cell can be
examined by electron tomography, the target site within the
cell must be localised first, followed by the preparation of a
thin section containing the target. Recent advances in cryo-
FIB-based sample preparationhave enabled the preparation of
such site-specific thin sections (called cryo-lamellae) from vit-
rified cells (Marko et al., 2007; Rigort et al., 2012). Essentially,
cryo-lamellae provide snapshots of functional cellular envi-
ronments whose supramolecular architecture can be studied
in situ at high resolution and in 3D by electron tomography
(Mahamid et al., 2016; Guo et al., 2018; Mosalaganti et al.,
2018; Albert et al., 2020). This allows structural investiga-
tions of biomolecules in the context of the corresponding cel-
lular structures. Studying the molecular machinery of cells
with cryo-ET requires a comprehensive workflow covering all
steps from sample preparation and vitrification through cryo-
light microscopy (cryo-LM), sample thinning by cryo-FIB and
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Fig. 1. Schematic illustration of the cryo-ET workflow. (A) Cultured cells on an EM grid. (B) The grid with the cells is frozen rapidly to avoid damage
caused by crystallisation. (C) Vitrified cells containing fluorescently labelled structures are identified in a cryo-light microscope. (D) Positions of labelled
cells are retrieved in a cryo-FIB/SEM, in which a thin lamella is created by milling away material above and below the feature of interest. (E) The lamella
is transferred to a cryo-TEM, where a tomographic image series is acquired.
3D data acquisition in the cryo-transmission electron micro-
scope (cryo-TEM), including safe sample transfers between the
individual steps (Fig. 1).
Cryo-lamella preparation often begins with correlative mi-
croscopy, where image and coordinate information from
fluorescently labelled cellular features is obtained. This is par-
ticularly important if such a feature is transient or rarewithin
the cell (e.g. the centrosome), or when it is relevant to check
if a certain phenotype is present at all. Here, cryo-correlative
light and electron microscopy (cryo-CLEM) can provide the
necessary information for localisation (Kaufmann et al., 2014;
Schorb&Briggs, 2014;Wolff et al., 2016). As samples in cryo-
CLEM are frozen, the fluorescently labelled proteins remain in
place, and can be retrieved and correlated later in the cryo-FIB
microscope. In addition, cryo-LM provides information about
sample quality and therefore helps the decision if a sample is
worth investing in time for further processingwithin thework-
flow. Cryo-fluorescence imaging is performed in a light micro-
scope, which is equipped with a cryo-stage system that allows
imaging samples under cryogenic conditions (Sartori et al.,
2007; Schwartz et al., 2007; van Driel et al., 2009; Schorb
et al., 2017).
Following localisation, a dual beam cryo-FIB/scanning elec-
tronmicroscope (cryo-FIB/SEM; Fig. 2) is used for thinning the
frozen cellular samples to the required thicknesses for cryo-
TEM investigations (typically not much more than 200 nm).
This is because most cells are too thick to be studied intact by
cryo-TEM. In contrast to cryo-ultramicrotomy, a cryo-FIB ab-
lates the sample with a beam of Gallium ions (Fig. 3), thereby
leaving the vitrified sample unaffected by compression forces
allowing a highly site-specific targeted preparation. The Gal-
lium ions have a high mass and can therefore remove surface
layer atoms via sputtering processes (Fig. 3B). Precise milling
with the ion beam generates a thin and electron-transparent
lamella from a cell by removing cellular material above and
below a target region (Rigort & Plitzko, 2015; Schaffer et al.,
2015). The SEM provides visual control over the FIB milling
process, permitting the creation of cryo-lamellae as thin as
100–200 nm. After cryo-FIB milling, thin cryo-lamellae are
transferred to the cryo-TEM, where a tomographic image se-
ries is acquired as the lamella is tilted incrementally. Finally,
the images are combined computationally to reconstruct a 3D
tomogram of the cellular interior. From the 3D tomographic
volume, higher resolution structures of particles (i.e. proteins
or protein complexes) can be obtained by averaging out noise
in a process termed sub-tomogram averaging (Wan & Briggs,
2016; Zhang, 2019). Conceptually, the procedure compares
to single particle analysis, yielding higher resolution struc-
tures of the macromolecules detected in situ. In the following
we introduce new developments for cryo-CLEM and cryo-FIB
and discuss their impact for the cryo-tomography workflow.
Correlative cryo-fluorescence microscopy
Locating a structure of interest and preparing a lamella con-
taining this structure is exceedingly difficult in the vast com-
plexity of the cellular environment. Evenmore so, considering
that in a cryo-FIB/SEM only the surface view of a sample is
accessible to decide upon the position of the milling windows.
Imaging frozen samples by cryo-LMoffers the additional bene-
fit of locating the structures of interest very efficiently (Briegel
et al., 2010). Moreover, without exposing the sample to elec-
tron beam radiation. Utilising standard fluorescent labelling
protocols (e.g. transgenically encoded or lipophilic dyes) target
structures in cells can be made selectively visible by fluores-
cence. Specific cells can be identified, containing the structure
of interest for subsequent detailed investigation by cryo-EM.
Several scientific setups of cryo-lightmicroscopes are existing,
mainly based on standard light microscopes using custom
made cryo-sample chambers in combination with long work-
ing distance objectives to avoid damages to the optics by
the deep temperatures, but limiting the effective resolution
(Sartori et al., 2007; Schwartz et al., 2007; van Driel et al.,
2009; Rigort et al., 2010). To date, also a few integrated cryo-
LM-EM systems have been reported (Faas et al., 2013; Gorelick
et al., 2019). Yet, only few commercial systems are available,
for example standard upright microscopes with a cryo-stage
by Linkam (van Driel et al., 2009; Koning et al., 2014) and
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Fig. 2. Cryo-FIB/SEM with associated hardware components. Two EM grids with vitrified samples are loaded into a cryo-shuttle in an external loading
station and then transferred under vacuum to the microscope via a transfer system consisting of a transfer rod and an air lock (‘cryo-loader’). Inside the
microscope, the sample is loaded onto a cryo-stage, which keeps the sample below –170°C by a continuous flow of cold nitrogen gas. The nitrogen gas
used for cooling is cooled down via a heat exchanger located in a dewar on the left side of the instrument. The cryo-stage can bemoved, rotated and tilted
to ensure the accessibility of the sample to the beams (and also to the gas injection system (GIS) and the sputter coater).
a complete system including a dedicated cryo-objective and
transfer shuttle provided by Leica Microsystems (Schorb et al.,
2017).
With the availability of camera-based widefield or confocal
systems, the most suitable technique for a given application
canbe selected to achieve anoptimal cost/needs and effort bal-
ance. Whereas confocal microscopes provide a better resolu-
tion, in particular along the z-axis, camera-based setups are
more sensitive, faster in image acquisition and less cost inten-
sive. Owing to its different illumination principle, widefield ac-
quisition showsa system inherent haze, as out-of -focus light is
contributing to the resulting image, since no confocal pinhole
is present. This is particularly disturbing as structures of inter-
estmust be identified precisely for subsequent EM steps. Fortu-
nately, this phenomenon can be overcome by computational
clearing methods (Reymann, 2018; Schumacher & Bertrand,
2019), which can be also applied under cryo-conditions
(Fig. 4). This results in a significantly improved image quality
revealing the actual image information for subsequent quan-
tification and targeting. As demonstrated in Figure 4, apply-
ing deconvolution methods to cryo-imaging can improve the
attainable image quality. In confocal microscopy, computa-
tional clearing can be utilised for improving the resolution in
all dimensions (Fig. 4A’); this is especially true, when consid-
ering that current commercial systems are still bound to non-
immersion optics for cryo-imaging. So far, only a few exper-
imental cryo-immersion approaches have been reported (Le
Gros et al., 2009; Nahmani et al., 2017; Faoro et al., 2018). In
summary, both microscopy methods – confocal and widefield
– offer unique benefits depending onworkflowanduser needs.
New developments facilitating correlative data and sample
transfer steps
As cryogenic workflows include steps that bear the risk of
sample damage or loss of correlation information, any de-
velopment that facilitates or reduces these steps increases
the likelihood that meaningful scientific results can be ob-
tained. We have therefore developed improvements in data
and sample transfer, which now allows a closer link be-
tween the cryo-light microscope and the cryo-FIB. During
cryo-LM acquisition, identified target sites can be interac-
tively marked in the cryo-light microscope software. Their
coordinates are later transferred together with the sample
to the cryo-FIB software where the exact locations are re-
trieved (Fig. 5). Importing the cryo-LM data within the cryo-
FIB software at the push of a button accelerates steps such
as conversion, superimposition and alignment that were pre-
viously rather time-consuming. Beside the common software
interface, a dual-purpose cryo-holder (Fig. 5A) has been
developed, which can be utilised in both instruments. The
holder eliminates an otherwise necessary additional sample
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Fig. 3. Operating principle of a cryo-FIB/SEM. All steps relevant for lamella production can be carried out within one instrument. (A) The gallium ion
beam is produced by a liquid metal ion source at the top of the ion column. The beam is focused onto the vitrified sample by a set of electrostatic lenses
and deflection coils. The electron beam is used to select target regions andmonitor themilling process. An integrated sputter coater is used to deposit thin
conductive layers of platinum. A gas injection system (GIS) is used prior to milling to apply a thick protective platinum coating onto the vitrified sample,
which prevents beam erosion during cryo-lamella production. (B) Principle of ion beam milling. During FIB milling, a focused beam of gallium ions is
raster scanned across the sample surface and removes atoms via ion beam sputtering processes.
transfer step between cryo-LM and cryo-FIB, which involves
physical manipulation with a tweezer and loss of sample
alignment. With the cartridge holder, the sample can be di-
rectly transferred after cryo-LM imaging into the FIB-shuttle.
The latter is part of the cryo-transfer system that has been de-
signed for the Thermo Scientific Aquilos 2 Cryo-FIB. Since the
sample remains in position during the imaging process in both
devices, extra manipulation and re-alignment steps become
obsolete.
Challenges in high-accuracy targeting
One of the major tasks within the cryo-ET workflow is the
high-accuracy targeting of lamella regions based on cryo-LM
data.While the targeting in x, y-direction can be done reason-
ably reliable (Schorb & Briggs, 2014; Ader & Kukulski, 2017;
Hampton et al., 2017; Schorb et al., 2017), the critical step is
the proper positioning of themilling patterns along the z-axis,
such that the target structure visualised in the cryo-light
microscope is contained within the resulting lamella. Cryo-
lamellae are typically not more than 200 nm thin and neither
a commercial widefield microscope nor a confocal microscope
alone can achieve a resolution that permits precise z-targeting
under cryo-conditions (Fig. 6). Partly this is due to the lack
of cryo-immersion objectives, which would allow higher
numerical apertures providing a higher resolution. However,
superresolution fluorescence microscopy techniques are
basically capable to overcome such resolution limitations.
Unfortunately, their application under cryo-conditions is still
at an early stage with a few proof -of -concept studies available
(Chang et al., 2014; Kaufmann et al., 2014; Liu et al., 2015;
Wolff et al., 2016; Moser et al., 2019; Tuijtel et al., 2019).
Prominent challenges concern the stability of the system, as
long camera exposure times are needed, as well as potential
devitrification of the sample. Some systems resolve these
issues, yet no commercial solution is available. Currently,
approaches based on fiducial correlation techniques are most
promising and versatile for achieving the required targeting
accuracies (Kukulski et al., 2011; Schellenberger et al., 2014;
Arnold et al., 2016; Schorb & Sieckmann, 2017; Fokkema
et al., 2018; van Hest et al., 2019). The basic concept involves
beads that are visible in both imagingmodalities (cryo-LMand
cryo-FIB/SEM),which are added to the specimen. Based on ex-
act fitting of the centre coordinates of these beads (by centroid
fitting algorithms), the image transformation can be calcu-
lated (size, shift and rotation) and the milling patterns can be
placed with high accuracy. Open source software for such a
3D correlation is available, providing access to this technique
for the scientific community (Arnold et al., 2016; https:
//3dct.semper.space). In combination with a cryo-confocal
microscope, this seems to be themethodof choice for targeting
lamella positions with the currently best achievable accuracy.
New developments extending the application range
of the Cryo-FIB
Cryo-FIB sample preparationhas developed considerably in re-
cent years since its advent in 2006 (Marko et al., 2006). The
method has proven successful in the preparation of vitrified
cells for cryo-EMand is currently inhighdemand in the field of
cryo-electron tomography (Rigort & Plitzko, 2015; Nievergelt
et al., 2019).As an enabling technology, cryo-FIB is constantly
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Fig. 4. Comparison between standard and computationally cleared cryo-LM images. (A) Two-channel maximum intensity projection of a z-stack of
cryo-confocal images. Sample: D. discoideum, green channel: GFP-VatM, red channel: mCherry-Tubulin. (A’) The same projection after application of
the LIGHTNING computational clearing technology to increase the image quality and resolution. (B) Widefield fluorescence image showing typical haze
effect caused by out-of -focus light contributing to the final image. Sample: HeLa cells grown on a Quantifoil grid, red channel: mCherry-F-actin, green
channel: GFP-TGN46, blue channel: Hoechst 33342-DNA. Sample courtesy of Dr. Marie-Charlotte Domart & Dr. Lucy Collinson, The Francis Crick Insti-
tute, London UK. (B’) The same image after haze-removal and increase of signal to noise ratio by computational clearing using THUNDER technology.
being improved and developed further. Below, we introduce
three new features we have developed to streamline the use of
the cryo-FIB technique and extending its applicability to other
fields of application.
Automation software for multi-site lamellae preparation
Automation is a big lever to gain efficiency and improve the
milling process of multiple preselected target sites, since the
production of several lamellae requires many repetitive steps
(Buckley et al., 2020; Zachs et al., 2020). We have therefore
developed a dedicated software – called AutoTEM Cryo – for
automating lamellae preparation. AutoTEM Cryo runs on the
Aquilos 2 Cryo-FIB and is an application which allows users
setting up multi-site milling experiments within a graphical
user interface. The software allows users to first select the re-
spective milling sites and save their positions (Fig. 7). After-
wards, adjustments to the milling settings can be made, such
as customising shape factors of the milling patterns to match
the selected target cells, as well as the definition of milling
times and currents. The pattern geometry and placement can
be adjusted as desired and several steps can be selected for
coarse and fine milling. Once the selection of target sites for
milling is finished and patterning parameters have been de-
fined, a list displays the number of milling sites with their con-
secutive processing times and the total time of the automated
milling run. After confirmation by the user, the automated
sample run can be started. It is common practice to set up
the run in such a way, that all lamellae sites are first roughly
milled and only then the final polishing steps are carried out.
This is done to minimise the effects of contamination and re-
deposition from ion sputtering.Duringautomatedmilling,Au-
toTEM Cryo monitors the placement of the patterns and per-
forms drift corrections. This allows the stable and reproducible
preparation of lamellae from multiple sites. Lamellae are au-
tomatically thinned down to 200 nm thickness, which allows
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Fig. 5. Correlative targeting example utilising the new cryo-CLEM developments. (A) Dual-use cryo-FIB shuttle and cryo-LM cartridge. (B) SEM overview
image of the cryo-LM cartridge with two mounted autogrids. (C) Widefield cryo-fluorescence image of a cluster of S. cerevisiae cells (green channel:
autofluorescence of the cell wall, red channel: nucleolusmarker NOP56) correlated to the cryo-SEM image during lamella preparation (white arrowhead
marks the target cell). (D) Corresponding SEM image only. (E) Cryo-TEM image of the final lamella overlaid with the cryo-fluorescence image from (E). (F)
The same lamella at higher magnification.White arrowheads in (E) and (F) point to the target cell. (G) Magnified region from the inset in (F) showing the
correlation of the cryo-LM image with the lamella. The red nucleolar marker is clearly visible in the targeted cell.
to transfer themafter the sample job is finished immediately to
the cryo-TEM for electron tomography (Fig. 7C). The number
of milling sites which can be defined in AutoTEM Cryo is not
limited. However, it needs to be considered that the final pol-
ishing steps cannot be carried out for all lamellae at the same
time and that a certain amount of material redeposits on the
cleaned surfaces as other surfaces are being polished (in par-
ticular when the milling sites are close together and only one
mesh (60–130 µm) apart). Hence a balance between the total
amount of lamellae produced and the level of their cleanliness
needs to be found. Figure8 showsanexample of anautomated
sample run yielding 24 different lamella sites on a single grid.
Setting up these milling sites in AutoTEM Cryo took approx.
60 min. The autonomous processing of all 24 sites was car-
ried out within 12 h, taking on average 25–30 min per site.
AutoTEM Cryo allows the user to fully customise the milling
patterns. This includes for example adding so-called micro-
expansion joints (Wolff et al., 2019) to the sides of a lamella
(Figs. 8B–D). These side-cuts can serve as physical buffers to
safely absorb material motion and decrease the risk for bend-
ing of lamellae.
Cryo-volume imaging for visually approaching target regions
within a lamella
Cryo-volume imaging using Auto Slice and View (ASV)
software adopts a method that is already well known for
3D imaging of resin embedded biological samples: FIB/SEM
tomography (Heymann et al., 2006). The method works by
sequentially removing frozen material with the ion beam and
imaging the newly created cross-section surfaces with the
electron beam to obtain 3D data. Unlike resin-embedded sam-
ples treated with heavy metal contrasting agents and imaged
with the backscattered electron (BSE) detector, acquisition of
non-stained cryo-block faces is only performed by secondary
electron (SE) detection. The first reports of this type of SE
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Fig. 6. Overview of the current landscape for cryo-LM with respect to targeting accuracy for lamella preparation. Major advantage of each method
highlighted in blue. Neitherwidefield nor confocalmicroscopy systems alone are sufficient to achieve the localisation accuracy required to precisely target
cellular features within a 200 nm lamella. This is in part due to the lack of cryo-immersion objectives, which would allow higher numerical apertures.
Fiducial-based correlation techniques or superresolved microscopy techniques can assist in achieving higher targeting accuracies. One study reported
the use of a solid immersion lens (SIL) under cryo-conditions (Wang et al., 2019). Horizontal bars indicate the achievable resolution for each imaging
technique.
Fig. 7. Lamella milling automation. (A) Schematic illustration showing the principle of selecting multiple cells for an automated milling experiment. (B)
Three milling sites are selected. (C) Final result of the automated milling experiment using AutoTEM Cryo software. Three 200 nm lamellae have been
produced automatically.
cryo-contrast date back several years (Hayles et al., 2007; Rig-
ort et al., 2010), while the first study showing 3D acquisition
was reported in 2013 (Schertel et al., 2013). Figure 9 shows
a result obtained by cryo-ASV SE volume imaging of a frozen-
hydrated Chlamydomonas reinhardtii cell. The volume of the
flash-frozen unicellular green alga visualised in Figure 9(A)
is about 150 µm3 and exposes five Golgi complexes, parts of
the flagella shaft and nucleus with nucleolus. A cross-section
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Fig. 8. Automatedmulti-site lamella preparation. (A) Autonomousmilling of 24 cryo-lamellae sites (white arrows) on an EM grid. Themilling sites have
been set up using AutoTEM Cryo software. The first pass of the automation run is the rough milling of the 24 positions. This is followed by the final
polishing run and thinning of the sites to the final thickness of 200 nm. (B)–(D) Detailed side, top and oblique views of a lamella produced by automated
milling. Within AutoTEM Cryo, also micro-expansion joints (Wolff et al., 2019) can be defined and processed for each location. Modified with permission
from Tacke et al. (2020).
Fig. 9. Cryo-volume imaging using Auto Slice and View (ASV) software. (A) 3D visualisation of a data set obtained by cryo-ASV imaging of a frozen
Chlamydomonas cell. The volume shown covers approximately 150 µm3 of vitrified cellular space. Various Golgi compartments as well as the Nucleus
(with Nucleolus inside) are highlighted by 3D segmentation. (B) Top view SE image showing a cross-section from the centre of the 3D stack. The con-
trast originates from imaging local charge distributions and allows to discern subcellular morphology. Within the nuclear envelope nuclear pores are
discernable.
SE image from the centre of this 3D cryo-ASV data set clearly
visualises subcellular structures. Clearly discernible in these
serial images are theGolgi complexes and associated transport
vesicles, the nuclear envelope with nuclear pore complexes,
chloroplast thylakoid membranes, mitochondria and endo-
plasmic reticulum (Fig. 9B and Movies SM1, SM2). Each
cross-section was imaged by detection of SE signals with the
Everhart–Thornley Detector (ETD) and in-lens detectors. SEM
imaging was performed at 2.5 kV, using a probe current of
25 pA. Scanning was done with a 4 nm pixel size and a dwell
time of 100 ns (using 100× line-integration mode). Cryo-
ASV imaging can be used to analyse samples that cannot
be dehydrated, but it is also advantageous for cryo-lamella
preparation. While under visual control by the SEM, top
down milling is used across the respective target region step
by step until the desired feature or marker becomes visible
(e.g. a specific cell organelle in the SE image). Subsequently,
the sample can then be thinned further from the back side
to the required thickness for TEM tomography (see also the
following section on cryo-lift-out).
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Fig. 10. Lamella preparation approaches for cryo-EM. (A) On-the-grid in situ lamella fabrication. The lamella is supported on two sides by the frozen
sample and does not require lift-out. The whole grid containing such an ‘on-the-grid’ lamella is transferred to the TEM for cryo-tomography. (B) On-the-
grid cryo-lift-out of a cellular sample and (C) from a bulk HPF frozen sample within an HPF planchette. In both cases the lamella is lifted out and attached
to a cooled half -moon lift-out grid, which is clipped into a regular autogrid. Cryo-tomography is then performed using this autogrid.
The cryo-ASV imaging process can start immediately after
the sample is frozen and transferred into the cryo-FIB/SEM
microscope. Although the resolution of this technique is
modest compared to TEM, much larger volumes can be inves-
tigated. This allows analysing cellularmorphology beyond the
200 nm thickness of a cryo-lamella. However, the contrast
formation by secondary electrons in the frozen hydrated block
face (see Fig. 9) is still not fully understood. The SE imaging
properties are most likely based on charge contrast, where the
local surface potential strongly influences the amount of de-
tected secondary electrons. Furthermore, prolonged electron
beam irradiation causes beam-induced sublimation, which
becomes visible after repeated scanning of the frozen surfaces.
In addition, locally confined beam damage effects cannot be
ruled out due to the heterogeneous composition of the biologi-
cal sample. Since the imagingmethod is based on local surface
potential, non-uniform and stochastic charge distributions
can occur depending on the sample properties, which can
aggravate the imaging process. Also, aspects of beam–sample
interactions, such as the depth of the interaction volume and
the contribution to the available total electron dose for tomog-
raphy,must be considered for subsequent lamella preparation.
Cryo-lift-out
Cryo-lift-out is required when the standard ‘on-the-grid’
lamella preparation (Rigort et al., 2012; Schaffer et al., 2017)
is no longer sufficient (Fig. 10A). This can be the case when
high-pressure frozen bulk samples need to be processed and
where a considerable amount of frozen material must be re-
moved or where the sample is simply not suited for ‘on-the-
grid’ lamella geometries (i.e. where the lamella stays on the
grid for electron tomography). Two different use cases are pos-
sible for cryo-lift-out applications (Figs. 10B–C). On the one
hand, vitrified samples can be processed directly on the grid
with cryo-lift-out. This allows, for example, the preparation
of apical sample areas that cannot be targeted using ‘on-the-
grid’ lamella preparation. On the other hand, larger samples
frozen in high-pressure freezing (HPF) sample carriers (3 mm
planchettes) can now be processed. This is necessary, for ex-
ample, for accessing frozen cell samples such as tissue biopsies
or small organisms. So far, only a few cryo-lift-out applications
have been reported (Rubino et al., 2012;Mahamid et al., 2015;
Parmenter et al., 2016; Zachman et al., 2016). A recent study
successfully combined correlative imaging with site-specific
cryo-lift-out and electron tomography atmolecular resolution
(Schaffer et al., 2019). Current lift-out applications are based
on either using a microgripper system (i.e. a nanometre pre-
cise tweezer) or needle-based micromanipulators. An advan-
tage of the needle-based systems is the interchangeability of
the tungsten needles and the relatively low cost for exchang-
ing the needles compared to the microgripper system.
We have developed a cryo-lift-out system based on the
Thermo Fisher Scientific EasyLift Nanomanipulator installed
on the Aquilos 2 Cryo-FIB. The use of this system for per-
forming ‘on-the-grid’ cryo-lift-out is depicted in Figure 11.
A target cell on the grid is selected and rendered conductive
(Figs. 11A–B) using the Aquilos in-chamber sputter coating
system (compare Figs. 2, 3). The target area for the lift-out
must be sufficiently large, because the actual thinning of the
sample takes place later, after the lift-out has been carried
out. Therefore, first a coarse sample is prepared by sputtering
material away with the ion beam. This leaves behind a µm
thick coarse lamella that is still connected to the surrounding
frozenmaterial via two small side bridges (Figs. 11B–C). Next,
the cold (–165°C at the tip) tungsten needle of the EasyLift
system is brought close to the sample site. The process can be
precisely controlled via software integrated in the operating
© 2020 The Authors. Journal of Microscopy published by JohnWiley & Sons Ltd on behalf of Royal Microscopical Society, 00, 1–13
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Fig. 11. On-the-grid cryo-lift-out procedure. (A) Vitrified cells. (B) Milling of a chunk for lift-out, (C) Attaching the EasyLift to the coarse lamella by cold
Pt deposition. (D) Cutting the coarse lamella. (E) Attaching the coarse lamella to the post of a half -moon grid. (F) Cutting the needle free. (G) Thinning
the coarse lamella. (H) Final thinned cryo-lift-out lamella. (I) Top view of cryo-lamella.
system environment. For the needle-to-sample approach,
the cold needle is carefully placed onto the coarse lamella.
Now a connection between the needle and the frozen sam-
ple must be established. Beam-assisted welding procedures,
known from room temperature applications (Langford et al.,
2001; Langford & Clinton, 2004), cannot be used under
cryo-conditions. Instead, cold deposition (Hayles et al., 2007)
of the organometallic platinum precursor is used to estab-
lish the needle-to-sample contact. After the needle is firmly
attached, the coarse lamella is cut free and lifted upwards
and away from the cutout region (Fig. 11D). The lamella is
then brought to a second autogrid position (within the same
cryo-FIB shuttle/sample holder). Mounted in this position is
a pre-clipped FIB lift-out grid (‘half -moon grid’) containing
posts for cryo-lamellae attachment. The EasyLift cryo-lift-out
system enables lamella attachment directly into an autogrid,
eliminating an extra clipping step that can lead to the loss
of the fragile lamella. The coarse lamella is positioned in
close contact to the post (Fig. 11E). Then milling patterns
are applied in such a way that sputtered material from the
post redeposits on the lateral side of the coarse lamella (the
method resembles a spot-welding process). This creates a firm
connection between the coarse lamella and the half -moon
grid post. Once the coarse lamella is firmly attached to the
post, the lift-out needle is cut free (Fig. 11F) and moved to
a safe parking position. The coarse lamella is then thinned
further down to 200 nm using the ion beam under flat angle
geometries to achieve TEM transparency. (Figs. 11G–I). The
ion beam currents used here correspond to those used for the
‘on-the-grid’ lamella thinning approach.
As mentioned in the previous section, SE signals obtained
by cryo-ASV can be used for guiding the lamella thinning pro-
cess. Figure 12(A) shows a cryo-lift-out lamella prepared from
a high-pressure frozen mouse brain sample. The preparation
followed the procedure described above, with the exception
that a different sample carrier was used for excavating part of
the neuronal tissue. Here, a 3 mm HPF planchette holder has
been used (compare Fig. 10C) from which the coarse lamella
has been prepared. The charge contrast-based SE image
clearly exhibits neuronal morphology. Image filtering (using
FFT, local contrast enhancement and non-local means filters
in Thermo Scientific Amira software) highlights subcellular
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Fig. 12. BulkHPF sample cryo-lift-out lamella. (A)Cryo-ASV imageof a cryo-lift-out lamella fromanon-stainedhigh-pressure frozenmousebrain sample.
The SE image can be used to screen the neuronal tissue for regions of interest. (B)Magnified region from the centre of the lamella shown in (A). The filtered
image clearly shows synaptic vesicles within various neuronal cells (black arrowheads pointing to those vesicles were the lumens of synaptic vesicles can
be discerned). Thinning of such a lamella from the back allows end pointing of regions of interest for tomography experiments.
features, such as synaptic vesicles in the magnified image
from the central lamella region. The SE imaging resolution
permits seeing the lumens of some of the synaptic vesicles
(Fig. 12B, arrowheads). Cryo-ASV can be used here, to localise
synaptic regions for example. The lamella can then be thinned
down from its back side to the thickness required to yield the
TEM transparency. Using such a ‘back-thinning’ approach
can facilitate the identification and targeted preparation of
synaptic areas for cryo-ET analysis.
Challenges and perspectives
The primary objective of the entire cryo-tomography work-
flow is to obtain reliable, reproducible and site-specific 3D
data. In order to get there, still several challenges need to
be overcome. The precise and specific localisation of target
sites remains a major challenge in the workflow. Here, better
software integration and the dual-use shuttle described above
can provide some remedy by allowing theworkflow to become
more connected and reproducible. The implementation of
cryo-ASV can add an additional level of correlative infor-
mation (by introducing an extra imaging modality beside
cryo-LM) and thus also contribute to faster localisation of
targets. Software-driven automation approaches, as pre-
sented here, allow to increase the throughput of lamellae
production and can increase the yield of utilisable lamellae
for cryo-tomography. Finally, cryo-lift-out allows the use
of other milling geometries than those possible for in situ
on-the-grid lamella preparation. This provides access to pre-
viously inaccessible sample areas and allows the processing
of HPF samples. The challenge for the future will be improv-
ing the connection between the individual workflow steps
and to greatly reduce manual manipulation steps. Manual
manipulation steps carry the risk of damaging the sample,
changing its orientation or introducing unwanted contam-
ination. Severe transfer contamination, for example, by tiny
ice crystals obstructing the field of view can prevent that
any subsequent workflow steps can be carried out. Also, ice
build-up rates during transfers and within the cryo-FIB and
cryo-TEM instruments must be strictly controlled, as they
directly influence the achievable image quality and contrast
during tomography. Any developments aimed at eliminating
potential sources of contamination will therefore be in great
demand. Much of the current progress in cryo-tomography is
already owed to the technical innovations in sample prepara-
tion made possible by dedicated cryo-dual beam microscopes.
With these instruments it is now possible to look inside the
frozen-hydrated interior of a cell more routinely. We believe
that the cryo-FIB techniquewill continue to be transformative
for the field of cryo-tomography.
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